Background: ASC amino-acid transporter 2 (ASCT2) is a major glutamine transporter that has an essential role in tumour growth and progression. Although ASCT2 is highly expressed in various cancer cells, the clinicopathological significance of its expression in non-small cell lung cancer (NSCLC) remains unclear.
the prognosis after treatment in patients with NSCLC, especially in adenocarcinoma (AC) (Kawaguchi et al, 2010; Nakamura et al, 2011; Kogure et al, 2013) . Performance status and disease staging are generally known factors associated with prognosis after treatment.
ASC amino-acid transporter 2 (ASCT2) is a Na þ -dependent transporter responsible for the transport of neutral amino acids, including glutamine, leucine, and isoleucine (Kekuda et al, 1996) . It is the major glutamine transporter in human hepatoma cells (Fuchs et al, 2007) , and has a role in tumour growth and the proliferation of cancer cells (Fuchs and Bode, 2006) . It is highly expressed in various malignancies, including hepatocellular carcinoma and colorectal or prostate cancer, and its expression is closely associated with tumour aggressiveness and prognosis in colorectal or prostate cancer (Whitte et al, 2002; Li et al, 2003; Fuchs et al, 2007) . It provides cancer cells with essential amino acids for protein synthesis, and it coordinates tumour cell growth through the activation of mammalian target of rapamycin (mTOR) (Fuchs et al, 2007) . Glutamine promotes cancer cell proliferation and has a high affinity for ASCT2 (Fuchs and Bode, 2006; Fuchs et al, 2007) . Amino-acid transporters are essential for the growth and survival of tumour cells, and L-type amino-acid transporter 1 (LAT1) also has a crucial role in the development and proliferation of transformed cells (Kanai et al, 1998; Yanagida et al, 2001; Kaira et al, 2008 Kaira et al, , 2012 . It is an L-type amino-acid transporter that transports large neutral amino acids, such as leucine, isoleucine, valine, phenylalanine, tyrosine, tryptophan, methionine, and histidine (Kanai et al, 1998; Yanagida et al, 2001) . It requires a covalent association with the heavy chain of 4F2 cell-surface antigen (CD98) for its functional expression and localisation in the plasma membrane (Kanai et al, 1998; Yanagida et al, 2001) . Recent studies have focussed on ASCT2 and LAT1, which are highly expressed in cancer cells (Fuchs and Bode, 2006) . The overexpression of LAT1 may be a significant predictor of poor prognosis, and it is closely linked to the aggressiveness and metastasis of various human neoplasms (Nawashiro et al, 2006; Nakanishi et al, 2007; Kaira et al, 2008 Kaira et al, , 2012 Sakata et al, 2009; Ichinoe et al, 2011; Furuya et al; . Although the clinical importance of LAT1 expression in cancer cells is understood, the clinicopathological significance of ASCT2 expression in human neoplasms remains unclear. We therefore conducted a clinicopathological study to investigate the expression of ASCT2 in tissue specimens of resected NSCLC. The aim of our study was to clarify whether the expression of ASCT2 was closely associated with the outcome after treatment and to explore the relationship between ASCT2 and clinical characteristics. In addition, the correlation between ASCT2 expression and CD98, the Ki-67 labelling index (LI), microvessel density (MVD) (determined by CD34), and the phosphorylation of mTOR (p-mTOR) was assessed.
MATERIALS AND METHODS
Patients. We analysed 111 consecutive patients with NSCLC who underwent resection either by lobectomy or pneumonectomy with mediastinal lymph-node dissection at Nishigunma National Hospital (NGH, Shibukawa, Japan) between July 2007 and January 2010. Of these patients, 7 were excluded from further analysis because tissue specimens were not available; thus, 104 patients were enrolled in the study. Postoperative adjuvant chemotherapy with platinum-based regimens, S-1 (Taiho Pharmaceutical Co., Ltd, Tokyo, Japan) and oral administration of tegafur (a fluorouracil derivative drug) were administered to 19, 1, and 12 patients, respectively. No chemotherapy or radiotherapy before surgery was performed on any patient. The study protocol was approved by the institutional review board. The tumour specimens were histologically classified according to World Health Organisation criteria. The stages of pathological tumour-node-metastasis were established using the International System for Staging Lung Cancer adopted by the American Joint Committee on Cancer and the Union Internationale Centre le Cancer (Mountain, 1997) . The day of surgery was considered to be the first day after surgery. The follow-up duration ranged from 139 to 2118 days (median, 1362 days).
For validation, we analysed an independent series of patients with NSCLC who underwent complete resection of the primary lung tumour with mediastinal lymph-node dissection at Gunma University Hospital (GUH, Maebashi, Japan) between June 2003 and June 2008. The median follow-up period was 1932 days (range, 160-3765 days).
Immunohistochemical staining. The protocol used for immunohistochemistry (IHC) is described elsewhere (Kaira et al, 2008 (Kaira et al, , 2012 ). An oligopeptide (RDSKGLAAAEPTAN), corresponding to amino acids 7-20 of ASCT2 (1 : 300 dilution), was used to synthesise rabbit polyclonal antibodies, as described previously (Altman et al, 1984) . The N-terminal cysteine residue was used for conjugation to keyhole limpet haemocyanin. The antiserum was affinity purified as described previously , and the specificity was confirmed (Supplementary Procedures). Briefly, HEK293T cells were transfected with a plasmid encoding ASCT2 or empty vector control. Crude membrane fractions were isolated, separated by SDS-PAGE, and analysed by western blotting as described by Khunweeraphong et al (2012) . Immunohistochemistry was performed on paraffin sections using the polymer peroxidase method (Histofine Simple Stain MAX PO (MULTI) kit; Nichirei Corp., Tokyo, Japan). Briefly, deparaffinised and rehydrated sections were treated with 0.3% hydrogen peroxide (H 2 O 2 ) in methanol for 30 min to block endogenous peroxidase activity. To expose the antigens, sections were autoclaved in ethylenediaminetetraacetic acid (pH 8.0) for A B Figure 1 . Immunohistochemical staining of tumour tissue from a 68-year-old male with a pulmonary SQC (A) and a 70-year-old female with a pulmonary AC (B). ASCT2 exhibited a membranous immunostaining pattern (A, score of 4; B, score of 3).
5 min and cooled for 30 min. After rinsing in phosphate-buffered saline, the sections were incubated with affinity-purified anti-ASCT2 antibodies (1 : 300) overnight followed by immunohistochemical staining with a Histofine Simple Stain MAX PO (MULTI) kit (Nichirei Corp.). The peroxidase reaction was carried out using 0.02% 3,3 0 -diaminobenzidine tetrahydrochloride and 0.01% H 2 O 2 in 0.05 M Tris-HCl (pH 7.4). Negative control tissue sections were stained as described above, except that the primary antibody was omitted.
Anti-CD98 is an affinity-purified rabbit polyclonal antibody (1 : 100 dilution; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) raised against a C-terminal peptide of human CD98. ASC amino-acid transporter 2 and CD98 staining was considered as positive only if distinct membrane staining was detected. The ASCT2 and CD98 expression scores were assessed by the extent of staining as follows: 1, p10% of the tumour area stained; 2, 11-25%; 3, 26-50%; and 4, X51% stained. Those tumours with a score of 42 were considered to have a high level of expression.
Mouse monoclonal antibodies against CD34 (1 : 800 dilution; Nichirei Corp.) and Dako, Glostrup, Denmark) , and a rabbit monoclonal antibody against p-mTOR (1 : 80; Cell Signaling Technology, Danvers, MA, USA) were also used. The number of CD34-positive vessels was counted in four randomly selected regions in a Â 400 field (0.26 mm 2 field area). The MVD was defined as the mean number of microvessels per 0.26 mm 2 field area, and tumours in which the number of stained tumour cells was greater than the median were defined as high expressors. For Ki-67, epithelial cells with nuclear staining of any intensity were considered to be positive. Approximately 1000 nuclei were counted on each slide, and the proliferative activity was assessed as the percentage of Ki-67-stained nuclei (Ki-67 LI) in each sample. The median Ki-67 LI was evaluated, and tumours with an LI greater than the median were considered to be positive. For p-mTOR, a semiquantitative scoring method was used: 1, o10%; 2, 10-25%; 3, 25-50%; and 4, X51% of positive cells. Those tumours with a staining score of 43 were considered to be strongly stained (Kaira et al, 2008 (Kaira et al, , 2012 . All sections were independently assessed using light microscopy in a blinded manner by at least two of the authors.
Statistical analysis. P-valueso0.05 were used to indicate a statistically significant difference. Fisher's exact test was used to examine the association between two categorical variables. The correlation between different variables was analysed using the nonparametric Spearman's rank test. ASC amino-acid transporter 2 expression score was correlated with other immunohistochemical measurements and clinical variables. Since the sample size of NGH was not enough to do multivariate analysis using many prognostic variables; sex, smoking, stage, and histology which are known factors as described above were selected for the analysis. We added ASCT2 to these variables, and multivariate analysis was performed. In GUH cohort, we did multivariate analysis using the same prognostic variables.
Elderly patients were defined as more than 65 years old, and an ever smoker was defined as someone who had smoked at least 100 cigarettes in his lifetime. Disease staging was divided into two groups; stage I or II (early disease) and stage III or IV (advanced disease). The Kaplan-Meier method was used to estimate survival as a function of time, and survival differences were analysed by the log-rank test. Overall survival (OS) was determined as the time from tumour resection to death from any cause. Progression-free survival (PFS) was defined as the time between tumour resection and the first disease progression or death. Multivariate analyses were performed using a stepwise Cox proportional hazards model to identify independent prognostic factors. Statistical analyses were performed using JMP 8 for Windows (SAS Institute Inc., Cary, NC, USA). 
RESULTS

Immunohistochemical analysis and clinicopathological features.
One hundred and four primary lung cancer lesions were analysed by IHC. Figure 1 shows representative staining for ASCT2.
Expression of ASCT2 was detected in carcinoma cells in tumour tissues, and it was localised predominantly on the plasma membrane. All positive cells showed strong membrane staining. High levels of ASCT2 and CD98 expression were observed in 63% (66 out of 104) and 55% (55 out of 104) of the tumours, respectively. When staining was correlated with histological type, a Table 1 . In the NGH cohort, 28 squamous cell carcinomas (SQCs), 6 large cell carcinomas, and 4 NSCLCs were detected in those patients without AC. In the GUH cohort, all non-AC patients presented with SQC, and the positive expression of ASCT2 was significantly higher in SQC compared with AC (70% vs 40%, Po0.001). A statistically significant difference in lymphatic permeation, vascular invasion, and ASCT2, CD98, and p-mTOR staining was observed between the NGH and GUH cohorts.
Patient characteristics based on ASCT2 expression. Table 2 shows the characteristics of the tumours in the NGH cohort. In all patients (n ¼ 104), positive ASCT2 expression was significantly associated with being male, having an advanced-stage tumour, T factor, lymph-node metastasis, non-AC, lymphatic permeation, vascular invasion, CD98, Ki-67 LI, and MVD (assessed by CD34 staining). Positive histological staining for ASCT2 in the AC patients was significantly associated with the above variables in addition to p-mTOR, but only with Ki-67 LI in the non-AC patients.
Correlation between ASCT2 expression and different variables.
On the basis of Spearman's rank correlation, ASCT2 was significantly correlated with CD98 (r ¼ 0.455, Po0.001), Ki-67 (r ¼ 0.413, Po0.001), MVD (r ¼ 0.482, Po0.001), and p-mTOR (r ¼ 0.148, P ¼ 0.133) in all patients (n ¼ 104) from the NGH cohort (Supplementary Table A1 ). There was also a close correlation with p-mTOR in the AC patients, but not in the non-AC patients. We also validated the correlation between ASCT2 expression and these markers in the GUH cohort (n ¼ 204). Consistent with the NGH cohort, ASCT2 expression was positively correlated with CD98 (r ¼ 0.425, Po0.001), Ki-67 (r ¼ 0.475, Po0.001), CD34 (r ¼ 0.496, Po0.001), and p-mTOR (r ¼ 0.140, P ¼ 0.045). Expression of ASCT2 was significantly correlated with CD98, Ki-67, MVD, and mTOR in AC patients (n ¼ 142), and with p-mTOR and MVD in non-AC (n ¼ 62) subjects.
Patient mortality. In the NGH cohort, the 5-year survival rate and median survival time (MST) for all patients were 51% and not reached, respectively. The results of univariate and multivariate analyses are shown in Table 3 , whereas Figure 2 shows the KaplanMeier survival curve of patients with positive and negative ASCT2 expression. Patient survival was significantly associated with sex, smoking history, disease stage, histology, lymphatic permeation, vascular invasion, ASCT2, and Ki-67 LI, as assessed by a univariate Percent survival P <0.001 P <0.001 Figure 2 . Kaplan-Meier analysis of OS correlated with ASCT2 expression in the NGH and GUH cohorts. A statistically significant difference in OS was observed between the patients with positive and negative tumour expression of ASCT2 in all patients in the NGH (A) and GUH (D) cohorts. When OS was separated by histology, a statistically significant difference was identified in patients with AC in the NGH (B) and GUH (E) cohorts, but not in those with non-AC in NGH (C) and GUH (F).
analysis. A multivariate analysis confirmed that disease stage and ASCT2 were independent prognostic factors for poor PFS and OS. Expression of ASCT2 was also an independent prognostic indicator for poor outcome in patients with AC.
We next sought to validate the association between ASCT2 expression and survival in the GUH cohort. In the validation cohort (GUH series), the 5-year survival rate and MST for all patients were 69% and 3491 days, respectively. We compared the OS after surgery between the NGH and GUH cohorts, and found that the OS in the GUH cohort was significantly longer than in the NGH cohort (P ¼ 0.007). There was also a (nearly significant) association between positive ASCT2 expression and poor outcome (Figure 2 ; Table 4 ). In GUH cohort, we did multivariate analysis using the same prognostic variables in NGH cohort. A multivariate analysis indicated that disease stage was an independent prognostic factor for poor outcome in all patients with NSCLC (Table 4) . Survival was then examined in relation to histological sub-type. In patients with AC, tumour stage and ASCT2 expression were independent predictors of poor OS in a multivariate analysis (Table 5 ). In contrast, ASCT2 expression was not associated with poor prognosis in patients with SQC.
DISCUSSION
This is the first report to evaluate the prognostic significance of ASCT2 expression in patients with surgically resected NSCLC. Our data clearly demonstrate that ASCT2 expression was an independent prognostic marker for poor outcome after surgery in patients with NSCLC, particularly AC. Although the expression of ASCT2 was increased significantly in non-AC patients compared with AC patients, ASCT2 in AC patients was more closely associated with disease stage, lymphatic permeation, vascular invasion, CD98, cell proliferation, angiogenesis, and mTOR phosphorylation. Moreover, two independent cohorts demonstrated that ASCT2 was an independent predictor of poor outcome in AC patients. Our validated data suggest that ASCT2 has an important role in the aggressiveness and metastasis of lung cancer, particularly AC.
Only two previous studies reported enhanced expression of ASCT2 in primary human colorectal AC and prostate cancer, suggesting a close relationship between its expression and poor prognosis (Whitte et al, 2002; Li et al, 2003) . Therefore, further study is warranted to investigate the clinical significance of ASCT2 expression in other human cancers. Our study focussed on the clinicopathological significance of ASCT2 expression in patients with lung cancer. Importantly, our study included validating data from an independent cohort, and evaluated the expression and activation of the mTOR signalling pathway, which is related to protein synthesis. Previously, we demonstrated that LAT1 is required for the upregulation of mTOR in lung cancer, which was supported by in vitro and in vivo data (Imai et al, 2010; Kaira et al, 2011) . Fuchs et al (2007) reported that LAT1 provides essential amino acids for tumour cell growth via mTOR-stimulated translation, and that ASCT2 maintains the cytoplasmic aminoacid pool necessary to promote LAT1 function. Therefore, they demonstrated that both LAT1 and ASCT2 are highly expressed in human cancers, and that there is reciprocal regulation among LAT1, ASCT2, and mTOR. Recent studies demonstrated that the inhibition of amino-acid transporters reduces the p-mTOR, p70 ribosomal S6 kinase, and 4E-binding protein-1. This leads to the induction of apoptosis by depleting the intracellular amino acids required for cancer growth, and induces a cell-cycle arrest at G1 phase (Liu et al, 2004; Yamauchi et al, 2009; Imai et al, 2010; Kim et al, 2010) . Because the p-mTOR is closely related to the survival and metastasis of cancer cells, the inhibition of amino-acid transporters such as LAT1 or ASCT2 may suppress tumour growth by decreasing mTOR phosphorylation. However, additional studies are needed to investigate the mechanism by which the inhibition of ASCT2 expression inhibits tumour growth.
We found that ASCT2 could be a pathological marker for predicting poor outcome after surgery, and that it was closely associated with tumour cell proliferation and angiogenesis in patients with AC, but not in non-AC patients (predominantly SQC). However, the reasons for the differential effects and levels of ASCT2 protein expression between AC and non-AC patients remain unclear. Expression of LAT1 is significantly higher in patients with SQC than in those with AC (Kaira et al, 2008) . The expression of ASCT2 analysed by histological sub-type is similar to that of LAT1 (Kaira et al, 2008) . In our study, ASCT2 seemed to have an important role in tumour cell proliferation and angiogenesis in AC patients, suggesting a close relationship between ASCT2 expression and prognosis. However, little is known about the clinical significance of the expression pattern of ASCT2 in human tumour tissues. Therefore, it is necessary to investigate ASCT2 expression in various types of cancer using human cancer specimens. Presently, clinicopathological studies of ASCT2 expression are ongoing in gastrointestinal cancer, hepatobiliary cancer, multiple myeloma, ovarian tumours, and breast cancer.
There are several limitations to our study. First, the number of non-AC patients included was small, and the histological distribution of non-AC disease was different between the NGH and GUH cohorts, which may have biased our results. The frequency of SQC patients was significantly higher in the GUH cohort (100%, 62 out of 62) than in the NGH cohort (74%, 28 out of 38) (Po0.01). However, a survival analysis of the non-AC patients seemed to give comparable results in the two cohorts.
Second, the frequency of ASCT2 expression in the GUH cohort was significantly lower than in the NGH cohort. Therefore, tumour aggressiveness and prognosis after surgery may be different between these cohorts. In addition, there was a significant difference in lymphatic permeation, vascular invasion, and biomarker expression (CD98 and p-mTOR) between the NGH and GUH cohorts. Although we cannot describe the detailed reason for these differences, the tumour characteristics may be more aggressive in NGH than in GUH, considering that the expression of ASCT2 has a significant relationship with lymphatic permeation, vascular invasion, CD98, and p-mTOR. The present study showed that the expression of ASCT2 was closely associated with lymphatic permeation, vascular invasion, and cell proliferation (Ki-67). Therefore, these factors were excluded from the multivariate analysis to assess ASCT2 as an independent prognostic factor and also to resolve confounding issue. Finally, median survival was not reached for the NGH cohort. In this cohort, five patients were lost to follow-up. The NGH cohort may have a potential for selection bias, because of the issues with loss to follow-up in this cohort. Moreover, the sample size was markedly different between NGH and GUH cohort. These findings may be possible reasons for this discrepancy for survival analysis.
In conclusion, the expression of ASCT2 is a validated predictive marker for poor prognosis in patients with AC, and is significantly correlated with tumour aggressiveness, cell proliferation, angiogenesis, and mTOR phosphorylation. The inhibition of ASCT2 could be a future therapeutic strategy for lung cancer. However, additional studies are needed to assess the biological significance of inhibiting ASCT2 in human cancer cells.
